canol, HS(CH 2 ) 11 OH (Aldrich), in ethanol on a freshly cleaned 1 cm × 1 cm gold-coated substrate 10 for 30 s using a hexagonal patterned poly(dimethylsiloxane) (PDMS) stamp (hexagon side length ) 15 µm and spacing ) 15 µm) followed by incubation in 50 µL of 1 mg/mL thiol-terminated aggrecan solution for 48 h. Hence, the aggrecan was located within the hexagons and the OH-SAM outside the hexagons. OH-functionalized AFM gold-coated probe tips (Digital Instruments, k ∼ 0.06 N/m, tip radius ∼50 nm) were prepared by immersion in 4 mM 11-mercaptoundecanol for 48 h to minimize electrostatic interactions between the probe tip and aggrecan layer.
Aggrecan height in aqueous solution was measured as the relative height between the OH-SAM (negligible thickness ∼1-2 nm) and aggrecan ( Figure 1 ) regions under different compressive normal forces using a Multimode Nanoscope IV AFM (Digital Instruments) in contact mode in fluid at a scanning frequency of 1 Hz. Solutions were 0.001-1 M NaCl in Milli-Q water (pH ∼5.6) and 0.01 M phosphate buffered saline (PBS) at pH ) 3, 7, and 10 and 0.154 M PBS at pH ) 7.4. After AFM experiments were completed, aggrecan grafting density on the surface was assessed by removal of the aggrecan via boiling the substrate in DI water for 60 min. The residual solution was lyophilized and redissolved in 50 µL of DI water. A dimethylmethylene blue (DMMB) dye binding assay 11 yielded a total aggrecan surface density equivalent to ∼10.1 ( 1.4 mg/m 2 , or one aggrecan molecule per ∼20 nm × 20 nm. The GAGs from this fetal bovine aggrecan have contour lengths of ∼40 nm. 9 Results and Discussion. Aggrecan height was found to be nonhysteretic (independent of previous solvent conditions and loading history) and decreased markedly with increasing IS from 0.001 to 1 M under constant normal compressive load ( Figure 2 ) and with increasing normal load at constant IS (Figure 3a) . The maximum height, ∼310 nm in 0.001 M NaCl and ∼0 nN normal force, was ∼78% of the known contour length of the aggrecan used (∼400 ( 60 nm). 9 The strong dependence of aggrecan height on IS indicates that electrostatic interactions are a critical determinant of the nanomechanical behavior of aggrecan. The carboxyl and sulfate groups on the CS-GAG are ionized at all bath pH and IS of Figure 3 . 10 The electrostatic interaction distance in monovalent electrolyte solutions is determined by Illustration of AFM contact mode imaging on aggrecan and hydroxyl-terminated SAM patterned surface (Rtip ∼ 50 nm, aggrecan molecules spaced ∼20 nm apart, contour length ∼400 nm, side chain (mostly GAG) contour length ∼40 nm, side chains spaced ∼2-4 nm apart). permittivity (6.92 × 10 -10 C/(N m 2 )), F the Faraday constant (96 500 C/mol), R the universal gas constant, T the absolute temperature (298 K), and C 0 the bath IS). At low IS (<0.1 M NaCl), κ -1 is greater than the spacing between GAG chains on aggrecan (∼2-4 nm), resulting in large electrostatic repulsion forces between neighboring and adjacent GAG chains. These forces facilitate extension of the aggrecan monomers from the gold substrate, giving an uncompressed aggrecan height that is close to the contour length of aggrecan. As the IS was increased, electrostatic repulsion forces are shielded, and the height of the aggrecan decreases. At 1 M NaCl, the majority of the interchain electrostatic repulsion has been screened out, and the resulting uncompressed height of the aggrecan layer (∼100 nm) is determined mostly by steric effects as well as some intrachain electrostatic repulsion along the CS-GAGs due to the close spacing of charge groups along the chains (∼0.6 nm).
For all bath IS, there was an initial steep decrease in height with increasing normal force followed by a plateauing of height at higher forces, corresponding to an "incompressible height." With decreasing IS, greater normal force was needed to attain this incompressible height. Although the initial height of the aggrecan at ∼0 nN force changed greatly with ionic strength, the incompressible height at high normal force (>30 nN) was ∼5 nm for all IS conditions (Figure 3a) . In 0.001 M NaCl, the aggrecan appeared stiffest (i.e., the height vs normal force curve had the smallest slope) due to high electrostatic repulsion forces. Although aggrecan height at ∼0 nN was similar in 0.01 and 0.001 M NaCl, the aggrecan height decayed more steeply with increasing normal force in 0.01 M NaCl. For IS > 0.01 M, the aggrecan became more compliant with increasing IS. By 1.0 M NaCl, when the inter-GAG chain electrostatic interactions are almost completely shielded and nonelectrostatic effects dominate, the aggrecan height decayed rapidly with normal force, reaching its incompressible height at the relatively low force of ∼5 nN.
Aggrecan height measured in 0.01 M PBS at pH ) 3, 7, and 10 was not significantly different from the height in 0.01 M NaCl at pH ) 5.6 for all normal forces used (data not shown). Furthermore, aggrecan height in physiological conditions (0.154 M PBS at pH ) 7.4) was not significantly different from the height in 0.1 M NaCl at pH ) 5.6 (Figure 3b ). Although the degree of protonation of carboxyl groups at pH 3 is different from that at pH 7, 12 the sulfate groups would not be significantly affected. 13 Even at pH ) 3, when the total aggrecan fixed charge is approximately half that at pH 7, there are still very strong GAG-GAG electrostatic repulsion forces at 0.01 M IS from the sulfate groups alone that cause the aggrecan to have the same height. This is consistent with the observation that κ -1 (0.01 M) ∼ 3 nm is on the order of the inter-GAG chain spacing along the aggrecan core protein. In contrast, the height of a sparsely populated CS-GAG brush (measured by ellipsometry) 2 was found previously to decrease from pH ) 5 to 3 at 0.01 M IS. However, the GAG-GAG spacing in that system (6.5 nm) was ∼3-4 times greater than that within the aggrecan brush used here. Finally, the aggrecan height vs normal force behavior at 0.1 M NaCl, pH 5.4 (Figure 3b) , was similar to that under the physiologic buffer conditions (IS ) 0.154 M, pH 7.4). The volumetric density of aggrecan on the surface was calculated using the measured surface density (∼10.1 mg/m 2 ) and the height data at physiological solution conditions (IS ) 0.154 M, pH 7.4, Figure 3b ) at ∼0 nN force (corresponding to a 150 nm aggrecan height) and yielded ∼56 mg/mL, which is within the known range of aggrecan concentrations in normal articular cartilage under free swelling conditions (20-80 mg/mL). 5 The µCP-AFM method does have some limitations. First, since a small tare force of up to ∼200 pN is necessary to attain stable feedback for AFM imaging, nonnegligible compressions may result in underestimations of the equilibrium polymer heights at ∼0 nN. Second, the resolution of this technique depends on the surface roughness of the substrate. For thinner (<5 nm) polymer layers, the gold substrate used here may be replaced by mica to achieve better resolution of small height differences between the inside and the outside of the patterned region. Conversely, the µCP-AFM method has several advantages for the measurement of polymer thicknesses compared to other approaches such as the scratch method, 14 ellipsometry, 15 neutron reflectivity, 15 etc. The µCP-AFM method offers a more well-defined chemical system and better resolution (∼nm) than the often-used "scratch method" 14 and provides a means to directly measure the polymer height in a variety of solvent conditions and under a range of normal forces. This is not possible with more conventional techniques such as ellipsometry. 16 By measuring the height under different applied normal forces, additional information can be gathered about the nanomechanical properties of the polymer layer.
In this study, the aggrecan layer height and compressibility of aggrecan were observed simultaneously, which enables a direct estimate of the stiffness of the layer. Additionally, other mechanical properties can be investigated via µCP. By using a colloidal tip having a radius on the micrometer scale, the polymer layer can be sandwiched between surfaces with a much larger radius of curvature, resulting in a simpler boundary condition for measurement of mechanical moduli than that of a sharp pyramidal tip. Measurement of polymer height vs normal force can be also be combined with normal force vs separation distance curves, giving a more complete description of the mechanical behavior of the layer at both small and large loads. Using lateral force microscopy, the shear behavior of polymer layers can be also be studied with brush height obtained simultaneously; chemical grafting of the polymer may offer advantages over physical attachment for investigating nanomechanical behavior. 17 
